This paper introduces a method of classifying clusters of the transition metal carbonyls and main group elements based on the 14n and 4n rules. The two rules are interrelated. They were derived from close analysis of the relationship between the number of skeletal atoms, valence electrons and eighteen electron rule in the case of transition elements, and octet rule for main group elements and the known bonds or linkages of simple clusters. The analysis reveals that there is an infinite range of carbonyl clusters some of which are yet to be discovered. These clusters occur in an orderly manner in of clusters pertaining to definite series. In addition to the categorization of clusters, tentative structures of some clusters especially the simple ones can be predicted. Furthermore, the method can identify the INNER CORE NUCLEAR CLUSTER of some large carbonyl clusters. The method is simple and enjoyable to use.
INTRODUCTION
Transition metal carbonyl clusters have stimulated immense interest for several decades largely due to their vast and intriguing structural architecture,numerous potential industrial applications and challenging bonding properties.In this regard, the work by Wade and Mingos [1] [2] as well as Jemmis [3] [4] has contributed tremendously towards understanding of clusters. Subsequently, other research groups such as those headed byKing, Teo,Zanello, and Slovokhotov [5] [6] [7] [8] [9] have expanded the knowledge
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. However on closer scrutiny of the structures and formulas of the simple boranes, hydrocarbons, carboranes and transition metal carbonyl clusters reveals that these clustersboth simple and complex ones belong to a wide range of an infinite series. The series are formed according to definite numerical sequences reminiscent of the atomic number of elements.
An infinite Universe of Cluster Series
Transition metal carbonyl clusters like boranes portray an infinite number of series 11 .The series were deduced from the cluster table series generated using the cluster number (k-value) 12 . For small clusters, the k value corresponds to the number of bonds linking up the skeletal atoms that obey the 8-electron rule or the 18-electron rule. The cluster number is calculated using a simple empirical formula given by k = ½ (E-V) where E is the sum of octet electrons in case of main group elements or eighteen electrons in case of transition metals. This is summarized in Tables 1 and 2 .
On closer analysis of cluster tables further revealed that the clusters portray an infinite number of clusters series based on 14n and 4n as bases for transition metals and main group elements respectively and these are shown in a selected short Table 3 . Looking at table 3, it is quite clear that the series increase by steps of 2 as you go down the table or decrease in steps of 2 as you go up the table. Further scrutiny of the cluster tables [11] [12] indicated that the cluster number k is related to the corresponding clusters series by 2n plus or minus one-half a multiple of 2. For instance if the series S = 14n + 8 the corresponding k value will be 2n-4 while for the S = 14n-30, the k value will be 2n+15. The k values for the transition metal cluster will be the same as the corresponding main group element cluster. Selected examples showing the calculation of a cluster number using the cluster series are given in Tables 4 and 5 for main group element and transition metal carbonyl clusters.
Classification of Transition metal Carbonyls Using the 14n Rule
The 14n rule is extremely useful in categorization of a cluster into its series given the formula of the cluster. This method is exceedingly simple and rapid. The idea is to compare the reference value (14n) with the total valence electrons(V) of the cluster. If 14n is less than V, then the shortfall must be added to the 14n value to be equal to V value. On the other hand if 14n value is greater than V value, the excess must be subtracted to balance the V value. In so doing a cluster series of the complex is derived. It may be represented as S = 14n ± q, where S represents the cluster series, n the number of skeletal cluster atoms, and q is a multiple of 2. This concept is illustrated in scheme 1. 
Scheme 1: Illustration of the derivation of cluster series (s) and cluster number (k)
A cluster number is given by k = 2n± q/2. The k value formula applies to both main group elements which obey the octet rule and transition metal skeletal elements which obey the 18-electron rule.The following selected examples are utilized for illustrations.
For example, Os 3 (CO) 12 : n = 3, 14n = 14x3 = 42. The number of valence electrons(V) = 8x3+2x12 = 48. The baseline reference 14n is less than V by 6.
Hence the cluster series for the complex is S = 14n+6 and the cluster k value is k = 2n-3 = 6-3=3. The osmium atom form a triangular shape(k =3). Furthermore, the cluster belongs to Arachno series(see Table 3 ). Consider OS 4 (CO) 14 ; n = 4, 14n = 56, V = 60. Hence, S = 14n+4. This means that the cluster belong to the Nido series(see Table 3 ) and its cluster number k = 2n-2 = 6. The osmium skeletal atoms form a tetrahedral shape. Os 5 (CO) 16 ; n = 5, 14n = 70 and V = 72. The cluster belongs to the series S= 14n+2. This is a member of Clososeries(see Table 3 ). The cluster number k = 2n-1 = 9. This corresponds to a trigonalbipyramidal geometry. For Os 5 (CO) 19 ; n =5, 14n = 70 and V = 78. This gives us the series S = 14n +8 (Hypho series). The cluster number k = 2n-4 = 6. The shape of the osmium skeletal atoms is two edgelinked triangles. Consider Co 6 (CO) 15 (C) 2¯ cluster, n = 6, 14n = 84 and V = 90. Hence, S = 14n+6. This cluster belongs to an Arachno series with cluster number k = 2n-3 = 9. This is expected to have a trigonal prism shape as is observed 7 . Take another example Ru 6 C(CO) 17 ; n = 6, 14n = 84 and V = 86. Therefore the cluster belongs to the cluster series S = 14n+2. This a member of Closo series with k = 2n-1 = 11. This is expected to have an octahedral shape as is reported. The Capping Process and Capping Series:-The Presence of a Nuclear Cluster Inner Core Using the series approach, the capped clusters can also easily be identified. For instance in the case of Os 6 (CO) 18 , n = 6, 14n = 84, V = 84. Hence S= 14n = C 1 C which belongs to mono-capped series. The cluster number k = 2n = 12. Since it has six skeletal elements, it means the capping will be on the remaining five atoms. In this coding, this is expressed as C losoborane ion which has a trigonalbipyramid geometry. The analysis of the series, reveals that the capping process involves a change in one skeletal atom and cluster number by 3 (k = 3) and valence electrons by 12. This is expressed as (1, 3, 12) . In case of osmium, this is equivalent to changing a cluster by Os(CO) 2 fragment since Os donates 8 valence electrons and the two CO ligands donate 4. According to the coding system we designed in our study of clusters*, the complex Os 6 (CO) 18 can be expressed as M-6-12-84 where 6 denotes the number of cluster elements M, 12 denotes the cluster number k and 84 the number of cluster valence electrons. The capping in Os 6 (CO) 18 cluster can be traced in a decreasing or increasing manner. This is summarized in scheme 2. The gradual increase in capping fromOs 6 (CO) 18 cluster is shown in scheme 3. Some of the clusters shown in the scheme may not be known as this is a hypothetical model. Hence the capping from Os 6 (CO) 18 upwards may be represented as -5] and so on. Since, in principle, the capping of [M-5] inner core can go from 1 to 2, 3, 4, 5, 6 and so on, the inner cluster in this case [M-5] may be regarded as the Nuclear Cluster Inner Core of the complex. Many inner core cluster units have been revealed using the series number theory. Selected cluster complexes with inner core clusters are given in Table 6 . Let us consider the capping of an octahedral complex. One of the well known octahedral cluster is B 6 H 6 2¯. For this cluster of the main group element, n =6, 4n =24 and V = 26. Hence S = 4n+2. This means the cluster is a member of the Closo series. The six boron atoms arrange themselves in an octahedral shape (O h ). The cluster number is given by k = 2n-1 = 11 and the cluster code is M-6-11-26. The corresponding osmium cluster complex is Os 6 (CO) 18 2¯. In this case also, n =6, 14n = 84 and V = 86. Thus, S = 14n +2 which places the complex into the category of Closo series. The osmium skeletal atoms occupy an octahedral geometry (O h ) and the 
Scheme 4: Interconverstion between closo series
Interconversion ng other corresponding series of the main group elements and transition metal carbonyl clusters can be done in the same way. This relationship is what is also expressed in Table 3 . As discussed earlier, the capping step-wise constant can numerically be represented as (1, 3, 12) . Hence, the octahedral capping on Os 6 (CO) 18 2¯[ M-6-11-86] can be expressed as M-6-11-86 +(1,3,12)M-7-14-98. This will give us the mono-capped cluster as observed in 4 Os 3 (CO) 6 Os 2 (CO) 5 Os 3 (CO) 7 Os 4 (CO) 9 Os 2 (CO) 6 Os 3 (CO) 8 Os 4 (CO) 10 Os 5 (CO) 12 Os 2 (CO) 7 Os 3 (CO) 9 Os 4 (CO) 11 Os 5 (CO) 13 Os 6 (CO) 15 Os 2 (CO) 8 Os 3 (CO) 10 Os 4 (CO) 12 Os 5 (CO) 14 Os 6 (CO) 16 Os 7 (CO) 18 Os 2 (CO) 9 Os 3 (CO) 11 Os 4 (CO) 13 Os 5 (CO) 15 Os 7 (CO) 21 . In theOs 7 (CO) 21 cluster, n = 7, 14n =98 and V= 98. Hence the cluster series S = 14n . The cluster capping will be given by C p = C 1 C. Since one of the seven skeletal atoms will get involved in capping, the rest will constitute the inner core and the symbol C 1 C[M-6] can be used to represent a monocapped cluster and k = 2n =14 and the cluster code becomes M-7-14-98. Continuing the process of capping, M-7-14-98 + (1,3,12 -6] . This means this is a tetra-capped cluster with an octahedral nuclear cluster inner core. This applies the same for Os 10 (CO) 26 2¯c omple;, n = 10, 14n = 140 and V= 134. Hence S = 14n-6. Symbolically in terms of cluster series, this corresponds to {14n-3(2)} andC p -6] . This is a tetra-capped cluster on an octahedral cluster nucleus. We can take another illustration on another example, Pd 6 Ru 6 (CO) 24 2¯; n =12, 14n = 168 and V= 158. Hence S = 14n -10. In cluster series, symbolically, this corresponds to {14n-5(2)} and -6] . Thus, the cluster is a hexacapped octahedral as reported in literature*. An amazing result is obtained when the method is applied to Ni 38 Pt 6 (CO) 48 H 5¯ carbonyl cluster. In this case, n = 44, 14n = 616, V = 542. Hence S = 14n-74. This can be expressed as {14n-37(2)}. According to cluster series, this translates intoC p = C -6] . This means that the cluster has an octahedral nuclear cluster core. The result is indeed fascinating as an octahedral nuclear cluster comprising of six platinum atom are observed by x-ray structural analysis 8 .
Due to the simplicity of the method, a large number of clusters were categorized using the 14n rule. These results are given in Table 7 , The table includes some of the clusters which have been categorized on the basis of their type of cluster nuclear core given in Table 6 .In forming series, |k| = 2 and |k| = 14. In case of osmium carbonyl clusters, this corresponds to the fragment [Os(CO) 3 8+6 = 14]. However in forming capping series, |k| = 3 and |k| = 12. This corresponds to the fragment [Os(CO) 2  8+4 = 12]. On the basis of this information, a constructed series of osmium carbonyl clusters have been generated and are shown in Table 8 . Johnsonetalhave generated similar clusters of ruthenium carbonyls in their EDESI-MS studies 13 .
Further Highlights on Transition Metal Carbonyl Clusters
Just as mononuclear transition metal carbonyl clusters such as Ni(CO) 4 and Fe(CO) 5 tend to obey the 18 electron rule, the transition metal carbonyl clusters such as Mn 2 (CO) 10 , Os 3 (CO) 12 and Ir 4 (CO) 12 tend to do the same. Hidden in the 18 electron rule is the attainment of the noble gas configuration. If we envisage a situation in which the CO ligands stealthily donate their electrons to the cluster skeleton atoms to enable them satisfy the 18 electron rule and go away, then in small clusters,the cluster number k would represent bonds or linkages. For instance k= 1 for Cl 2 giving a linear molecule and Mn 2 (CO) 10 with k =1, the 'Mn 2 ' fragment will have a single bond or linkage. Also Rh 2 (C P *) 2 (CO) 2 , O 2 , C 2 H 4 with k = 2, the Rh 2 fragment, O 2 and C 2 fragment each is doubly bonded. The C 2 H 2 , and W 2 (CO) 4 (C p Me) 2 with k =3, the fragments C 2 and W 2 are each triply bonded. Likewise, Os 3 (CO) 12 , cyclopropane,C 3 H 6 with k =3 have the fragments Os 3 and C 3 forming triangular shapes. The P 4 molecule and Ir 4 (CO) 12 have k= 6 and both the P 4 molecule and the Ir 4 fragment adopt a tetrahedral geometry. Furthermore, Os 5 (CO) 16 and Bi 5 3+ have k= 9 and both the bismuth cluster ion and O 5 fragment adopt a trigonalbipyramid shape.
As the number of skeletal atoms in transition metal carbonyl clusters increases, the k value appear not to correspond to the skeletal linkages. For instance, in Os 6 (CO) 18 2¯ and B 6 H 6 2¯, k =11 and both O 6 and B 6 fragments have an octahedral geometry. In such cases, it is better to regard the k value as simply a cluster number characteristic of the cluster as a member of the cluster series. The k value of 11 in this case is a number within the closo cluster series S = 14n+2 and k = 2n-1 with k values ("k =2), 1,3, 5, 7, 9, 11, 13, 15, 17, .. and so forth. For the capping series, "k =3 and so for the octahedral closo value of k =11, will belong to the series k =2, 5, 8, 11, 14, 17, 20, 23 , .. and so on. In the coding system adopted in this article the capping is defined to as to commence after the closo series. In this particular case, k = 14 will represent a monocap (C 1 C on an octahedral geometry, [M-6] Applying the 14n rule, carbonyl clusters from simple to medium to very complex ones can readily be categorized. In some cases, the k value can be utilized as a guide to predict the cluster geometry. Just as atoms and cells of plants and animals have nuclei, the closo unit in clusters around which the capping takes place may be considered to behave as a nuclear cluster inner core. In the complexes, Pd 6 -5] } are based on a closotrigonalbipyamid central core cluster unit. Using the 14n rule approach such cluster nuclei can readily be identified for a large number of clusters. The 4n rule is most appropriately utilized in categorization of clusters of the main group elements for systems which obey octet rule. The 14n and 4n rules of classifying clusters complements the existing methods currently being applied.
The Origin of the Empirical Formula k = ½ (E-V) and the Cluster Series
As can be seen, the application of the empirical formula, 14n and 4n rules to clusters is smooth, simple and straight forward. Therefore, it is extremely important to briefly explain their origin. In an attempt to find a simple equation to enable one easily draw a Lewis structure of simple known covalent molecules and ions, the empirical formula k = ½ (E-V) was born. Starting with N 2 molecule which has a triple bond and a lone pair on each electron and each atom obeying the octet rule, the sum of hypothetical octet electrons E= 2x8 = 16 and the sum of the valence electrons V = 2x5 = 10. Hence k = ½ (E-V) = 3, the same as the triple bond of the N 2 molecule. Once the number of bonds 3 in this case for N 2 have been obtained the calculation representing six valence electrons, the remaining 4 constitute 2 lone pairs which are evenly distributed around the two nitrogen atoms giving rise to the needed Lewis structure of N 2 .Using the same empirical formula, k =2 for O 2 and k =1 for F 2 and the Lewis structures can be obtained in the same manner. What is surprising, the empirical formula gave a k value of 4 for C 2 molecule in agreement with the recent reports* meaning that C 2 has a quadruple bond. This contradicts the molecular energy level diagram conventional result of C 2 which gives a double bond. Table 1 gives more selected examples. When the empirical formula is applied to C 2 H 2 , E = 2X8 = 16 for the two carbon atoms which obey the octet rule and V = 2x4+2 = 10 , the sum of the valence electrons. The two hydrogen atoms are considered as donating additional electrons to assist the two carbon atoms satisfy the octet rule. The k value for the fragment 'C 2 ' in C 2 H 2 is 3. This corresponds to the triple bond in the molecule. What is interesting is that if we assume that each of the hydrogen atoms in C 2 H 2 also obeys the two(2) electron rule of [He] configuration, then the refined E for C 2 H 2 will be 2x8+2x2= 20 and V= 10. The refined k value for C 2 H 2 will be equal to ½ (20-10) = 5. This means all the bonds in C 2 H 2 will be five including the triple bond. This is in agreement with the structure of C 2 H 2 . Using the same approach, the unrefined k value for C 2 H 4 is 2 and the refined one 6. This corresponds to the structure of C 2 H 4 . Diborane, B 2 H 6 is isoelectronic to C 2 H 4 . When the empirical formula k = ½ (E-V) is applied to it, a value of 2 is obtained. Since the boron atom is electron deficient to satisfy the octet rule in the case of B 2 H 6 unlike the C 2 H 4 the additional two hydrogens may be considered to be donors of electrons to the double bond to enable the two boron atoms satisfy the octet rule. The calculation also gives a refined k value of 8. This is in agreement with the diborane banana bonds structure of diborane as is currently known. This simple calculation underpins the power of noble gas configuration and by implication the octet rule and now the helium rule for hydrogen atom. A coding for the molecules showing the number of atoms, bonds and electrons in a given molecular formula was designed. The code is represented as (M-n-k-V) where M represents the atom that obeys the octet rule, k is the cluster number or bonds in the case of simple molecules and V is the total valence electrons. Analyzing this coding for molecules, the cluster series were developed. In the case of C 2 this becomes M-2-4-8. Arising from this code, it is clear that there is a relationship between the number of atoms(n) and valence electrons(V). This relationship is V= 4n =8 or in terms of series, S = 4n and k = 2n = 4. For the N 2 molecule, the code is M-2-3-10. In this case, V= 4n+2 = 10 and this gives us the series S = 4n+2 and k =2n-1. For the O 2 molecule, the code is M-2-2-12. This gives us the series code of S= 4n+4 and k = 2n-2 and the F 2 molecule, the code is M-2-2-14 from which S = 2n+6 and k = 2n-3.
In the case of transition metal carbonyl clusters, E represents the sum of eighteen electron sets and V the sum of valence electrons from the metal atoms and the ligands. The empirical formula generates the cluster k values and some of these are given in Table 2 . It was also observed that the cluster such as Os 6 (CO) 18 , the k value was 12 and the number of valence electrons 84. Hence its code is M-6-12-84. Clearly V =14n and k = 2n. The same situation prevails for Os 7 H 2 (CO) 20 where k = 14 and V = 98. Hence the code is M-7-14-98. In this case as in the previous complex, S = 14n = 98 and k =2n = 14. Thus, these two clusters belong to the same series. Furthermore, both these clusters are mono-capped, the former the capping is on a trigonalbipyramid geometry [M-5] while latter the capping is on an octahedral geometry. Using the 14n as a baseline, the other clusters series were derived. For example, Mn 2 (CO) 10 ; the code is M-2-1-34. This corresponds to the series S = 14n+6 and k = 2n-3. For the cluster Ir 4 (CO) 12 , k = 6 and V = 60. Hence the code is M-4-6-60 where S = 14n + 4 and k= 2n-2. The series of other clusters for the metal complexes and main group elements were derived and selected ones are given in Tables 4 and 5 and the general one is Table 3 which can be used to classify a given cluster into closo, nido, arachno and hypho or any other type.
Classification of Selected Clusters of the Main Group Elements
The examples for illustration are taken from the article on Polyhedral Skeletal Electron Theory on the website 10 and the 4n rule will be applied. The first one is Pb 10 2¯; n = 10, 4n = 40 and V = 42. Hence the series is of the type S = 4n+2. This belongs to CLOSO series and k= 2n-1 = 19. Since this is a closo cluster, it will correspond to B 10 H 10 2¯ (k= 19). The S 4 2+ cluster; n = 4, 4n = 16 and V= 22. Thus S = 4n+6 placing the cluster into ARACHNO series with k = 2n-3 = 5. This implies the shape of a square with 5 bonds. The fifth one is probably a delocalized bond giving a shape of a regular square. The B 5 H 5 4¯ cluster; n = 5, 4n = 20, V = 24 and hence S = 4n +4 . This cluster belongs to NIDO series with k = 2n-2 = 8. This characteristic to a square pyramid shape. The carborane cluster C 2 B 7 H 13 ; n = 9, 4n = 36 and V = 42. Hence, S = 4n+6. This is an ARACHNO series with k =2n-3 = 15. The clusterC 2 B 7 H 13 corresponds to (BH) 9 (H) 6 = B 9 H 15 borane. The P 4 molecule has n =4, 4n = 16 and V= 20. Therefore S = 4n + 4. This places the cluster into the NIDO category with k = 2n-2 = 6. This is a characteristic of a tetrahedral geometry. Its cluster code is M-4-6-20. If 10n electrons(40) are added to the valence electrons the code becomes M-4-6-60. This is the same as Ir 4 (CO) 12 whose skeletal atoms also have got a tetrahedral shape. The P 4 S 3 cluster; n = 7 and 4n = 28 and V= 38. Hence S = 4n+10 with k = 2n-5 = 9. This corresponds to a modification of the P 4 geometry by inserting 3 S atoms into three of the six tetrahedral bonds and thus creating the 9 linkages. The last one is the hydrocarbon C 6 H 14 ; n = 6, 4n = 24 and V =38. Therefore S = 4n +14 and k = 2n -7 = 5. This value gives rise to some hydrocarbons isomers some of which are presented in Scheme 6.
CONCLUSION
The transition metal carbonyl clusters can be classified using the 14n rule where n is the number of skeletal atoms in the cluster. The 14n is used as a basis upon which the type of cluster series of a given complex is deduced. The cluster series in Table 3 were derived using the cluster number k obtained froman empirical formula explained above using the knowledge of 18 electron rule and cluster valence electrons. The cluster number can also be calculated from the cluster series of the complex. Arising from the simplicity of the 14n rule in categorizing a cluster, a large number of clusters were analyzed. The method also revealed the existence of nuclear inner core closo clusters in some of the large clusters. For instance, the method indicated that the clusterNi 38 Pt 6 (CO) 48 H 5¯, with a code C 38 C[M-6] has an octahedral nuclear cluster inner core surrounded by 38 cluster atoms in a form of capping. A cluster code notation of clapping series has thus been introduced. Furthermore, it is exceedingly fascinating to discover that in this complex the octahedral nucleus comprised of the six platinum atoms. In such clusters the central inner core acted as a nucleus around which other atoms clustered in the form of capping. However there were some clusters whose inner core nuclei could not be defined by this method. The use of 14n rule or 4n rule to categorize a given cluster of a transition metal carbonyl or main group element is easy, smooth and versatile. The empirical formula k = ½ (E-V), the 4n and 14n rules as well as the cluster series were extracted from the lurking relationship existing between the valence electrons, the number of skeletal elements and the octet and eighteen electron rules. This article highly underpins the powerful insights of Lewis's octet rule 14 and Langmuir's 18 electron rule 15 of more than ninety years ago. 
